Negative regulation of Armadillo, a Wingless effector in Drosophila by unknown
2255Development 124, 2255-2266 (1997)
Printed in Great Britain © The Company of Biologists Limited 1997
DEV5115Negative regulation of Armadillo, a Wingless effector in Drosophila
Li-Mei Pai1, Sandra Orsulic1,*, Amy Bejsovec2 and Mark Peifer1,†
1Department of Biology and Curriculum in Genetics and Molecular Biology, University of North Carolina, Chapel Hill, NC 27599-
3280, USA
2Department of Biochemistry, Molecular Biology and Cell Biology, Northwestern University, Evanston IL 60208, USA
*Present address: Max-Planck Institüt für Immunbiologie, D-79108 Freiberg, Germany
†Corresponding author (e-mail: peifer@unc.edu)Drosophila Armadillo and its vertebrate homolog β-catenin
play essential roles both in the transduction of
Wingless/Wnt cell-cell signals and in the function of cell-
cell adherens junctions. Wingless and Wnts direct
numerous cell fate choices during development. We
generated a mutant protein, ArmadilloS10, with a 54 amino
acid deletion in its N-terminal domain. This mutant is con-
stitutively active in Wingless signaling; its activity is inde-
pendent of both Wingless signal and endogenous wild-type
Armadillo. Armadillo’s role in signal transduction is
normally negatively regulated by Zeste-white 3 kinase,
which modulates Armadillo protein stability. ArmadilloS10
is more stable than wild-type Armadillo, suggesting that it
is less rapidly targeted for degradation. We show that
ArmadilloS10 has escaped from negative regulation by
Zeste white-3 kinase, and thus accumulates outside
junctions even in the absence of Wingless signal. Finally,
we present data implicating kinases in addition to Zeste
white-3 in Armadillo phosphorylation. We discuss two
models for the negative regulation of Armadillo in normal
development and discuss how escape from this regulation
contributes to tumorigenesis.
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SUMMARYINTRODUCTION
During embryonic development, cells acquire information
from many sources about the fates they should choose. One
key source of information is communication among neighbor-
ing cells, which induces new cell fates and maintains old ones.
The Wingless/Wnt family of cell-cell signaling proteins directs
numerous processes, including anterior-posterior patterning of
the Drosophila embryonic epidermis, dorsal-ventral patterning
in early vertebrate embryos, and dorsal-ventral patterning of
the limbs of flies and vertebrates (reviewed by Parr and
McMahon, 1994). 
Components of the Drosophila Wingless (Wg) signal trans-
duction pathway have been identified; similar proteins also
transduce certain vertebrate Wnt signals (reviewed by Orsulic
and Peifer, 1996a). One component, Armadillo (Arm), accu-
mulates both in adherens junctions, where it regulates cell
adhesion (Cox et al., 1996), and in the cytoplasm and nucleus
of certain cells, where it mediates Wg signal transduction. In
our current model, soluble Armadillo (or its vertebrate
homolog β-catenin) is rapidly degraded in the absence of
Wg/Wnt signal, and thus its steady state level outside adherens
junctions is low (Peifer et al., 1994a; van Leeuwen et al., 1994).
This degradation requires the action of both the
serine/threonine (Ser/Thr) kinase Zeste white-3 (Zw3; its ver-
tebrate homolog is glycogen synthase kinase 3-β (GSK); Peifer
et al., 1994a; Siegfried et al., 1994) and the product of thetumor suppressor protein adenomatous polyposis coli (APC;
Munemitsu et al., 1995; Rubinfeld et al., 1996). In contrast,
Wg interaction with its receptor (Bhanot et al., 1996) activates
Dishevelled (Yanagawa et al., 1995), which counteracts Zw3
activity (Cook et al., 1996). This stabilizes Arm in the
cytoplasm and nucleus (Orsulic and Peifer, 1996b). 
The next step remained mysterious until recently. The first
clue came from the realization that vertebrate β-catenin can
form a complex with DNA-binding proteins of the TCF/LEF
family, and these proteins could, when ectopically expressed
in Xenopus, alter dorsal-ventral patterning in a way which
suggested that they play a role in Wnt signaling (Behrens et
al., 1996; Molenaar et al., 1996; Huber et al., 1996). We and
others recently extended this work in Drosophila, showing that
the fly TCF family member dTCF plays an essential role in
Wingless signaling in vivo (van de Wetering et al., 1997;
Brunner et al., 1997). The active transcription factor is a
complex between Arm and dTCF, and this complex directly
regulates the expression of Wingless-responsive genes (van de
Wetering et al., 1997; Riese et al., 1997). 
In the experiments described here, we focused on one aspect
of the signaling pathway, namely the means by which Zw3
negatively regulates Arm via effects on Arm stability. Since
Zw3 is a Ser/Thr kinase, Arm degradation may be regulated by
phosphorylation. Two possible Zw3 targets have been identi-
fied. One is Arm itself. Hypophosphorylated Arm accumulates
in zw3 mutants (Peifer et al., 1994b). A Zw3/GSK phosphory-
2256 L.-M. Pai and otherslation consensus site is conserved between Arm and β-catenin
(Peifer et al., 1994b); GSK phosphorylates β-catenin in vitro,
using this conserved site (Yost et al., 1996). Another possible
target of Zw3/GSK is APC; GSK phosphorylates APC,
promoting binding of APC to β-catenin and ultimately β-
catenin degradation (Rubinfeld et al., 1996; Munemitsu et al.,
1995). Regulation of Arm/β-catenin degradation not only plays
a key role in Wg/Wnt signaling, but also is a target for activa-
tion in both colon cancer and melanoma (Korinek et al., 1997;
Morin et al., 1997; Rubinfeld et al., 1997).
Here we report that deletion of the GSK/Zw3 consensus
phosphorylation site in the N-terminal domain of Arm relieves
the normal negative regulation by Zw3, constitutively activat-
ing Arm in Wg signal transduction. This mutant Arm no longer
depends on Wg signal nor on endogenous wild-type Arm for
activity, and thus it not only escapes negative regulation but
also can itself signal. Mutant protein accumulates at high levels
in the cytoplasm and nucleus of all cells, regardless of whether
they receive Wg, mirroring the accumulation of wild-type Arm
in a zw3 mutant. Consistent with this, mutations in zw3 do not
increase the stability of the mutant Arm. The pool of Arm
protein in adherens junctions remains fully phosphorylated in
a zw3 mutant, suggesting that alternate kinases can phospho-
rylate Arm and raising the possibility that Zw3 may affect Arm
phosphorylation indirectly by altering its stability. We discuss
two alternative roles for Zw3 in Arm regulation.
MATERIALS AND METHODS
armadillo mutants and other fly stocks
Mutations were introduced into a c-myc-tagged arm cDNA (Orsulic
and Peifer, 1996b; details upon request). armS10 (a.a. 34-87 deleted)
was created using an in vitro mutagenesis kit (USB) as recommended
by the manufacturer. Wild-type or mutant cDNAs were introduced
into the pUAST vector (Brand and Perrimon, 1993). arm∆N (a.a. 1-
128 deleted) is described by Pai et al. (1996). y arm+ w flies were used
for transformation. Several homozygous lines of each construct were
established; mutant protein expression was tested by immunoblotting.
armYD35, armH8.6 and armXP33 are described by Peifer and Wieschaus
(1990), zw3M11-1 is described by Siegfried et al. (1994), and wgIG22
is described by Nüsslein-Volhard and Wieschaus (1980). Germline
clones were produced as described by Peifer et al. (1994a). Most
GAL4 stocks were from the Bloomington Drosophila stock center;
en-GAL4 was provided by A. Brand.
Genetic tests of function
We performed four genetic tests of armS10 at 25°C, using a line that
expresses mutant protein at approximately wild-type levels. Progeny
were examined as follows. Eggs were collected and hatch rates deter-
mined, cuticles of hatched larvae and unhatched embryos were
prepared, and adult progeny were scored for viability. First, we tested
armS10 in a zygotic null arm background, by crossing armYD35/FM7;
e22c-GAL4/+ females to armS10 homozygous males. Second and
third, we tested armS10 in embryos with a maternal and zygotic con-
tribution composed entirely of armXP33 or armH8.6 mutant protein.
Germline clones of armXP33 or armH8.6 were generated as described
by Peifer et al. (1994a). Females carrying germline clones and het-
erozygous for e22c-GAL4 were mated to armS10 homozygous males.
Fourth, we tested armS10 in a wg background, by analyzing progeny
of the recombinant stock armS10 wgIG22/CyO. Cuticles were prepared
as described by Wieschaus and Nüsslein-Volhard (1986).Biochemical and cell biological studies 
We used monoclonal anti-c-myc (purified from 9E10 cell supernatant;
Orsulic and Peifer, 1996b; 1:200 for immunofluorescence and un-
purified culture supernatant for immunoblotting), polyclonal anti-Arm
N2 (Peifer et al., 1994a; 1:200), polyclonal anti-Arm CT (1:40), mon-
oclonal anti-Arm 7A1 (Peifer et al., 1994a; 1:500), monoclonal anti-
Engrailed (DiNardo et al., 1985; 1:50) and polyclonal anti-Wg (van
den Heuvel et al., 1989; 1:500). Immunoprecipitation, immunoblot-
ting and cell fractionation were as in Peifer (1993). When
immunoblotting, proteins were detected either by ECL (Amersham)
or by using alkaline phosphatase-coupled secondary Ab, NBT and
BCIP (Promega), as recommended by the manufacturers. Con A-
Sepharose fractionation using NET buffer was as described by Pai et
al. (1996). Okadaic acid and PP-2A treatment were as described by
Peifer et al. (1994b). Protein localization in situ: (1) anti-myc
antibody; as in Orsulic and Peifer (1996b), (2) anti-Arm; as in Peifer
et al. (1991), (3) anti-Engrailed and Anti-Wg; as in DiNardo et al.
(1985).
RESULTS
Sequences in Armadillo’s N-terminal domain
negatively regulate Armadillo activity in Wingless
signaling
We previously characterized a number of arm mutant trans-
genes under the control of the arm promoter, and thus
expressed ubiquitously at high levels (Orsulic and Peifer,
1996b). During those experiments we generated a mutation,
armS10, in which 54 amino acids of the N-terminal domain
were deleted (a.a. 34-87; Fig. 1A). Despite repeated efforts, we
were unable to obtain transformants expressing armS10; in
parallel experiments multiple transformants were obtained for
all other mutants. This suggested armS10 is dominant lethal.
The region deleted in armS10 includes two interesting sequence
motifs (Fig. 1A). One is a consensus GSK/Zw3 phosphoryla-
tion site (Peifer et al., 1994b). The other is a sequence
conserved between IκB and its fly homolog cactus, surround-
ing the serines whose phosphorylation is thought to regulate
IκB ubiquitination and thus control its stability (reviewed by
Hochstrasser, 1996). 
To test whether armS10 is dominant lethal, we expressed an
armS10 transgene using the inducible GAL-UAS system (Brand
and Perrimon, 1993). armS10 was cloned downstream of UAS
elements regulated by yeast GAL4 and introduced into flies,
where it is inactive. armS10 can be activated in particular tissues
at specific times by crossing armS10 lines to lines expressing
GAL4 in specific temporal and spatial patterns. We obtained
transgenic animals in which either armS10, or another mutant,
arm∆N (lacking the entire N-terminal domain; Fig. 1A) are
under GAL4 regulation. As a control, we placed myc-tagged
wild-type Arm under GAL4 control (armS2). We then used
e22c-GAL4 (which expresses GAL4 ubiquitously) to drive
essentially ubiquitous expression of our mutant Arm beginning
late in embryonic stage 9. 
When activated by e22c-GAL4, ArmS10, Arm∆N and ArmS2
all accumulate to levels roughly similar to that of wild-type
Arm (Fig. 1B,C; data not shown); when corrected for gene
copy number ArmS10 levels are approx. 2.4 times those of wild-
type Arm (Fig. 1C), while Arm∆N levels are approx. 1.5 times
wild-type Arm (Arm∆N#7). When analyzed by SDS-PAGE,
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Fig. 1. ArmS10 and Arm∆N expression and phosphorylation.
(A) Mutant proteins used in this study. Note that ArmS2 and ArmS10
are tagged with the myc epitope while Arm∆N is not tagged. The
region deleted in ArmS10 includes a match to the GSK-3β consensus
phosphorylation site (Peifer et al., 1994b). It also contains a match to
a region conserved between IκB and its fly homolog Cactus,
surrounding the serines whose phosphorylation is thought to regulate
IκB ubiquitination and thus stability. (B) Both ArmS10 and Arm∆N
have multiple isoforms. Protein from 0-16 hour old embryos
expressing ArmS10 or Arm∆N was analyzed by immunoblotting with
anti-ArmCT (recognizing wild-type, ArmS10 and Arm∆N) or anti-c-
myc (recognizing ArmS10). (C) A similar experiment, using ECL
detection to allow quantitation; BicD was used to control loading.
(D,E) ArmS10 is phosphorylated on serine/threonine.
(D) Immunoprecipitates using anti-ArmCT from embryos expressing
ArmS10 were treated with PP-2A or PP-2A plus its inhibitor okadaic
acid. (E) Isolated embryonic cells from ArmS10 or Arm∆N embryos
were incubated in D-22 medium with or without the phosphatase
inhibitor okadaic acid. wild-type Arm accumulates as a set of Ser/Thr phosphoryla-
tion variants (105-110×103 Mr; Peifer et al., 1994b); the most
highly phosphorylated isoforms migrate most slowly (Fig. 1B).
Both ArmS10 and Arm∆N also have multiple isoforms which
result at least in part from Ser/Thr phosphorylation (Fig. 1B).
Treatment of ArmS10 with protein phosphatase 2A, a Ser/Thr-
specific phosphatase, eliminates all but the fastest migratingisoform (Fig. 1D), while treatment with okadaic acid, an
inhibitor of Ser/Thr-phosphatases, increases the levels of
slower migrating ArmS10 and Arm∆N isoforms (Fig. 1E).
Most of the wild-type Arm in an embryo is in adherens
junctions, where it is highly phosphorylated; there is relatively
little soluble Arm, which is less highly phosphorylated (Peifer
et al., 1994b; Fig. 1B). In contrast, the least highly phos-
phorylated isoforms of ArmS10 predominate (Fig. 1B), resem-
bling the pattern of accumulation of wild-type Arm in zw3
mutants (Peifer et al., 1994b). This is not due to ectopic
expression; wild-type Arm expressed under GAL4 control is
normally phosphorylated (data not shown).
In wild-type embryos, one can follow cell fate choices using
cuticular markers; anterior cells within each segment secrete
cuticle covered with denticles while posterior cells secrete
naked cuticle (Fig. 2A,F). This pattern depends on Wg. A
single row of cells underlying the future naked cuticle secrete
Wg and their neighbors respond to this by choosing posterior
fates. In embryos mutant for either wg signal or for arm, which
is required for signal transduction, all cells assume anterior
fates and secrete denticles (Nüsslein-Volhard and Wieschaus,
1980). In the presence of high and ubiquitous levels of Wg, all
cells assume posterior fates and secrete naked cuticle (Noor-
dermeer et al., 1992; Sampedro et al., 1993; Yoffe et al., 1995). 
Ubiquitous expression of either amino-terminally deleted
Arm mutant, ArmS10 or Arm∆N, mimics the effects of ubiqui-
tous Wg expression, producing a phenotype opposite to that of
an arm mutant (Fig. 2). armS10 lines produce embryos with
only naked cuticle or a few denticles (Fig. D,E,G), a phenotype
similar to that caused by very high levels of ubiquitous Wg
(Yoffe et al., 1995). Expression of armS10 using a second ubiq-
uitously expressed driver, 69B-GAL4, had similar effects (Fig.
2). arm∆N lines display partial ablation of the denticle belts,
particularly along the ventral midline (Fig. 2B,C); this
phenotype overlaps that of armS10, but is somewhat weaker and
more variable among different transformant lines. The arm∆N
phenotype resembles the phenotype seen when Wg is ubiqui-
tously expressed at lower levels (Noordermeer et al., 1992). As
a control we expressed wild-type Arm (armS2; Fig. 1A) ubiq-
uitously, using e22c- or 69B-GAL4. This had no phenotypic
consequences; in fact animals carrying ArmS2 driven by e22c-
GAL4 survived to adulthood (data not shown). Further, ubiq-
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f ArmS10 and Arm∆N transforms cells to posterior cell fates. Cuticle
yos (A,F,H), and of embryos expressing either ArmS10 (D,E,G,I) or
trol. e22c-GAL4 and 69B-GAL4 drive essentially ubiquitous
ives expression specifically in the posterior compartment.
f either ArmS10 or Arm∆N using e22c-GAL4 drove cells into naked
 weaker in their effects than ArmS10 lines. The weakest Arm∆N lines
the ventral midline (data not shown). (B) In stronger lines (Arm∆N#6),
appear along the midline (arrowhead). (C) In the strongest Arm∆N lines
aked cuticle fates. (D,E,G) Expression of ArmS10 under the control of
sed nearly all cells to choose naked cuticle fates, leaving only a few
zw3 mutants, head structures remain nearly normal. (H,I) When en-
 express ArmS10 in the posterior compartment, which gives rise both to
aked cuticle and the anterior row of denticles (arrowheads), the
pecifically transformed to naked cuticle (arrowheads). uitous expression of wild-type Arm using e22c-GAL4 rescued
the embryonic lethality and cuticular phenotype of the zygotic
null armYD35 (data not shown). 
To confirm that the phenotype was caused by the mutant
proteins, and to begin to investigate whether their effects are
cell autonomous, we expressed them in more restricted
patterns. We utilized an engrailed-GAL4 (A. Brand and K.
Yoffe, personal communication), which drives transgene
expression in posterior cells of each segment; these include
both the most posterior cells secreting naked cuticle and the
cells secreting the anteriormost row of denticles. When armS10
is expressed in the engrailed domain, the first row of denticles
and only the first row of denticles is replaced by naked cuticle
(Fig. 2H versus I), suggesting that ArmS10 can act cell-
autonomously. We also drove arm∆N with hairy-GAL4, which
directs expression in even-numbered segments at the cellular
blastoderm stage; the resulting embryos had fewer denticles in
many even-numbered segments (data not shown).
Both armS10 and arm∆N alter the expression of two genes that
are known targets of Wg
signaling: engrailed, expressed
in two rows of cells immediately
posterior to the wg-expressing
cells (Fig. 3A), and wg itself (Fig.
3G). Ubiquitous expression of
either armS10 (Fig. 3B) or arm∆N
(data not shown) causes a
posterior expansion in the
domain of en-expressing cells
and induces an ectopic stripe of
the endogenous Wg (Fig. 3H), as
does ubiquitous Wg expression
(Noordermeer et al., 1992; Yoffe
et al., 1995). 
In a variety of different assays,
arm∆N was slightly less potent
than armS10. This was a differ-
ence of degree rather than a qual-
itative difference. This may be
explained by the fact that arm∆N
accumulates to slightly lower
levels than armS10 (Fig. 1B).
arm∆N is found as several widely
spaced isoforms. The first
methionine in arm∆N is not the
natural methionine of Arm; this
could influence its efficiency of
translation, leading to the
slightly lower levels. The
isoforms may represent starts at
other, more internal methionine
codons, or they may mean that
the protein is somewhat less
stable than normal. It is worth
noting that arm∆N possesses
activated signaling activity
despite the fact that it lacks the
α-catenin binding site (Pai et al.,
1996), consistent with indepen-
dent roles for Arm in signaling
and cell adhesion. 
Fig. 2. Ubiquitous expression o
preparations of wild-type embr
Arm∆N (B,C) under GAL4 con
expression, while en-GAL4 dr
(B-G) Ubiquitous expression o
cuticle fates; Arm∆N lines were
only lack a few denticles near 
larger regions of naked cuticle 
(Arm∆N#7), most cells choose n
e22c-GAL4 or 69B-GAL4 cau
denticles (arrowheads); unlike 
GAL4 was used to specifically
the most posterior cells of the n
anterior row of denticles was sThe activity of ArmS10 is independent of Wingless
signal
These data suggest that armS10 has escaped normal negative
regulatory cues and has become constitutively active. If so, it
should be independent of endogenous Wg. To test this we
expressed ArmS10 in a wg mutant where no cell is exposed to
Wg. We evaluated cell fate choices by examining both cuticle
pattern and Wg target gene expression. wg null embryos are
shorter than wild-type and secrete only denticles with no naked
cuticle (Nüsslein-Volhard and Wieschaus, 1980; Fig. 4C).
Expression of ArmS10 in a wg mutant dramatically alters this
(Fig. 4D), producing a cuticle phenotype similar to that of
embryos expressing ArmS10 in a wild-type background (Fig.
4B). Thus ArmS10 acts independently of Wg. Once again,
Arm∆N is slightly less active than ArmS10. wg mutant embryos
expressing Arm∆N secrete naked cuticle interspersed with
denticles on their ventral surface (data not shown), while the
dorsal surface is unchanged from the wg mutant phenotype. In
contrast, ArmS10 expression rescues pattern elements on both
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Fig. 3. Ubiquitous expression
of ArmS10 and Arm∆N alters
gene expression in a fashion
similar to that caused by
ubiquitous Wg. Expression of
Engrailed (A-F) and Wg (G-
H) were examined in wild-
type or wg mutant embryos
with ArmS10 or Arm∆N
expressed ubiquitously using
e22c-GAL4. (A) Wild-type
embryo at stage 9. Engrailed
is expressed in two to three
rows of cells per segment
(arrowheads). (B) In contrast,
in embryos expressing
ArmS10, Engrailed stripes are
broadened to three to four
rows of cells (arrowheads).
(C,F) In wg mutants Engrailed
expression begins to decay
during early stage 9 (C; arrowhead) and is gone from the epidermis by stage 10 (F; remaining expression is in the nervous system). (D,E)
Expression of either ArmS10 (D) or Arm∆N (E) in a wg mutant prevents decay of Engrailed stripes; instead stripes are broadened. (G) In wild-
type embryos, Wg is secreted by a single row of cells (arrowhead). (H) In embryos expressing ArmS10, an ectopic stripe of Wg is induced in
addition to the endogenous stripe (arrowheads).
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*armH8.6 glc indicates females whose germlines are homozygous 
for the armH8.6 mutation.the ventral and dorsal surfaces. Using similar GAL4 drivers,
ubiquitous Wg expression produces uniform naked cuticle, as
it does in the wild-type background (unpublished data).
In the absence of Wg, Engrailed (En) expression decays
between 4 and 5 hours of development (DiNardo et al., 1988;
Fig. 3F). Ubiquitous expression of either ArmS10 (Fig. 3D) or
Arm∆N (Fig. 3E) in a wg mutant causes expansion rather than
loss of the En expression domain. Arm∆N promotes En
expansion only in a ventral domain of cells, while more dorsal
parts of the stripe decay (Fig. 3E). ArmS10 stabilizes and
expands the entire En stripe, although the effect is slightly less
pronounced in the dorsal region (Fig. 3D). These experiments
demonstrate that the effects of ArmS10 or Arm∆N are indepen-
dent of Wg ligand and rule out the possibility that the ectopic
Wg expression that they induce is solely responsible for their
phenotypic effects. 
The activity of ArmS10 is independent of
endogenous Armadillo
The data above can be explained in two distinct ways. ArmS10
might have escaped normal negative regulation and thus be
constitutively active in Wg signaling. Alternately, ArmS10
might have no signaling activity of its own, but might poison
the degradation machinery, block degradation of endogenous
Arm, and allow it to accumulate and transduce Wg signal. To
distinguish between these two possibilities, we introduced
ArmS10 into genetic backgrounds depleted for or devoid of
wild-type Arm. 
We first introduced ArmS10 into armYD35 embryos, which are
zygotically arm null but possess normal levels of maternally
contributed Arm. armYD35 mutant embryos have a strong
segment polarity defect and defects in dorsal closure (Fig. 4E).
When ArmS10 is expressed in armYD35 mutant embryos using
e22c-GAL4, the resulting embryos differentiate essentially
only naked cuticle (Table 1; Fig. 4F), similar to the phenotype
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 of Wg signal and endogenous Arm activity. Cuticle preparations of
embryos, in some of which ArmS10 or ArmS2 (wild-type Arm) were
e22c-GAL4. Arrows show the beard of small denticles in the first
 that the ventral surface is in focus; arrowheads show residual denticles.
ild-type embryos expressing ArmS10. (C) In the wg null wgIG22, all
r fates and secrete denticles. (D) Expression of ArmS10 in wg mutants
hoose posterior fates and secrete naked cuticle. (E,G) In the arm
 embryos expressing only armH8.6 mutant protein both maternally and
ll surviving cells choose anterior fates and secrete denticles.
lters this, leading most surviving cells to make naked cuticle. In both
ting embryos are shorter than normal; since e22c-GAL4 does not come
rmS10 may not fully alleviate the consequences of being arm mutant. (I)
rmXP33 both maternally and zygotically (armXP33 glc), adherens
ly scraps of cuticle are made. (J,K) Expression of wild-type Arm
 background substantially restores cuticle integrity (K), as does
ever, while expression of wild-type Arm restores both denticles and
red by ArmS10 is essentially completely naked. produced by ArmS10 expression in wild-type embryos. Thus
ArmS10 acts independently of zygotic Arm. These arm mutant
embryos were generally shorter than wild-type embryos
expressing ArmS10, perhaps due to
the relatively late initiation of
expression driven by e22c-GAL4
relative to the endogenous arm
promotor. 
Since the zygotic null still
contains maternal wild-type Arm,
we also introduced ArmS10 into a
background in which both the
maternal and zygotic Arm contribu-
tion were from armH8.6. ArmH8.6
protein lacks the C-terminal domain
and is nearly null for Wg signaling
(Peifer et al., 1994a). Embryos
maternally and zygotically armH8.6
mutant have a very strong segment
polarity phenotype (Fig. 4G), indis-
tinguishable from that of a wg null
mutant (Fig. 4C). Expression of
ArmS10 in such armH8.6 mutant
embryos dramatically alters their
phenotype; the embryos secrete
only naked cuticle (Table 1; Fig.
4H), and overlap in phenotype with
wild-type embryos expressing
ArmS10. 
ArmS10 is functional in
adherens junctions
Arm has two roles in cells: trans-
ducing Wg signal and acting as a
linker in adherens junctions.
ArmS10 binds α-catenin and DE-
cadherin in vivo (Pai et al., 1996),
suggesting that it may retain
function in junctions. To test this,
we introduced ArmS10 into an
armXP33 mutant background.
armXP33 protein lacks function in
both Wg signaling and adherens
junctions. In embryos maternally
and zygotically mutant for armXP33,
the blastoderm-stage ectodermal
epithelium is disrupted and only
pieces of cuticle are secreted (Fig.
4I; Cox et al., 1996). If armXP33
mutant embryos also express
ArmS10, their cuticle integrity is
dramatically improved (Fig. 4J),
suggesting that ArmS10 retains
function in junctions. Furthermore,
many embryos make enough cuticle
to assay cell fate choices. These
embryos resemble wild-type
embryos expressing armS10; essen-
tially all surviving cells secrete
naked cuticle (Fig. 4J). 
Adherens junctions are required
Fig. 4. ArmS10 is independent
wild-type, wg or arm mutant 
expressed ubiquitously using 
thoracic segment, confirming
(A) Wild-type embryo. (B) W
surviving cells choose anterio
alters this; virtually all cells c
zygotic null armYD35 (E), or in
zygotically (G; armH8.6 glc), a
(F,H) Expression of ArmS10 a
mutant backgrounds the resul
on strongly till late stage 9, A
In embryos expressing only a
junctions disassemble and on
(arm+) via e22c-GAL4 in this
expression of ArmS10 (J). How
naked cuticle, the cuticle restoat gastrulation (Cox et al., 1996), while e22c-GAL4 does not
activate ArmS10 until later. Thus ArmS10 may not fully rescue
junction function because it is expressed too late to do so. To
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Fig. 5. ArmS10 accumulates at high levels outside adherens junctions.
Embryos expressing both wild-type Arm and ArmS10 were
fractionated using either Con A-Sepharose to isolate cadherin-bound
Arm (left panel) or by centrifugation to separate a membrane fraction
(which also contains nuclei) and a soluble fraction (right panel).
Fractions were analyzed by SDS-PAGE and sequential
immunoblotting with anti-c-myc (recognizing ArmS10), anti-Arm N
terminus (recognizing wild-type Arm), or anti-BicD or anti-β-tubulin
as fractionation controls. (Left panel) In the lanes at the left,
approximately equal portions of the Con A-bound and unbound
fractions were loaded. In the lanes at the right about 3 times as much
of the Con A-bound fraction was loaded. While only about one-
fourth of wild-type Arm is outside adherens junctions, nine-tenths of
the ArmS10 is in the unbound fraction. (Right panel) 0-16 hour old
(left lanes) or 4-8 hour old embryos (right lanes) were separated into
P100 (membrane) and S100 (soluble) fractions. In both cases, about
5 times as much of the membrane fraction is loaded. Relatively little
wild-type Arm is in the soluble fraction; in contrast the majority of
ArmS10 is in the soluble fraction. test this we expressed wild-type Arm (ArmS2) using the same
GAL4 driver in the same mutant background. ArmS2 rescues
armXP33 cuticle integrity to the same degree as ArmS10,
however, unlike ArmS10, ArmS2 allows some cells to secrete
denticles (Fig. 4K). Thus ArmS10 functions normally atFig. 6. ArmS10 accumulates at high levels
in the cytoplasm and nucleus of all cells,
regardless of whether they have received
Wg signal. Embryos were prepared for
immunofluorescence, to visualize either
wild-type Arm (A and C, anti-Arm N2; D,
anti-CT), ArmS10 (B, anti-c-myc), or both
(E, anti-CT). (A,D) Wild-type Arm
accumulates in adherens junctions of all
cells, and also accumulates in the
cytoplasm and nucleus of segmentally
reiterated rows of cells which receive Wg
signal. (B,E) ArmS10 accumulates in the
membrane, cytoplasm and nucleus of all
cells, regardless of whether they received
Wg signal. Similar uniform staining of the
entire cell was seen in a variety of focal
planes, suggesting that ArmS10
accumulates in both the cytoplasm and
nuclei, as does wild-type Arm in cells
receiving Wg signal. The inset in E shows
an embryo from the same field which is
just gastrulating and thus is prior to the onset of expression of ArmS10
membrane, cytoplasm and nucleus of all cells, regardless of whether tadherens junctions even though it is constitutively active for
Wg signaling. Furthermore, this confirms that ArmS10 activity
does not require wild-type Arm, since armXP33 is completely
null for Wg signaling.
ArmS10 is stabilized outside adherens junctions
If ArmS10 has escaped negative regulation, it should accumu-
late stably outside adherens junctions in all cells, regardless of
whether they have been exposed to Wg. To test this, we isolated
adherens junction complexes using the lectin Con A-
Sepharose, which binds α-linked mannose residues on DE-
cadherin. We then compared the amount of both ArmS10 and
wild-type Arm in the bound (junctional) and the unbound (non-
junctional) fractions (Fig. 5, left panels), by immunoblotting
with anti-c-myc, which specifically recognizes ArmS10, and
with anti-Arm 7A1, which specifically recognizes wild-type
Arm. Most wild-type Arm is in adherens junctions; in contrast
ArmS10 accumulates to high levels outside adherens junctions.
We also fractionated embryos into membrane and soluble
fractions (Fig. 5, right panels). Most wild-type Arm is in the
membrane fraction; in contrast, levels of ArmS10 are relatively
high in the soluble fraction, especially at embryonic stages 9-
11 (4-8 hours) when Wg signaling is maximal. Hence, while
ArmS10 associates with adherens junctions, it also accumulates
to high levels in the cytoplasm, unlike wild-type Arm. This dif-
ference is not simply due to the myc-tag, as it has been previ-
ously demonstrated that ArmS2 and a subset of other myc-
tagged mutant Arm proteins have subcellular localizations
indistinguishable from that of wild-type Arm (Orsulic and
Peifer, 1996b).
To confirm these biochemical data, we examined ArmS10
localization in situ (Fig. 6). Wild-type Arm accumulates in
adherens junctions of all cells, thus outlining cells of the
embryonic epidermis (Fig. 6A,D). In cells not receiving Wg
signal there is little Arm in the cytoplasm or nucleus. In
contrast, in cells receiving Wg signal, Arm accumulates to high
levels in the cytoplasm and nucleus (Orsulic and Peifer,. (C) In a zw3 mutant embryo, wild-type Arm accumulates in the
hey received Wg signal. 
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Fig. 7. ArmS10 is more stable than wild-type Arm. 0-16 hour old
embryonic progeny of a cross of armS10/armS2 heterozygotes to Hs-
GAL4 homozygotes were collected. A portion were ground in
sample buffer without heat shock. The rest were heat-shocked for 50
minutes. Embryos were collected at 15, 30, 60 and 120 minutes after
heat shock and ground in sample buffer. ArmS2 and ArmS10 were
simultaneously detected by immunoblotting with anti-c-myc. In this
experiment, the half-life of ArmS2 was 12 minutes while that of
ArmS10 was 67 minutes. 
Fig. 8. Zw3 kinase does not regulate the stability of ArmS10.
(A) Junctional wild-type Arm is phosphorylated normally in a zw3
mutant. 4-9 hour old wild-type or zw3 mutant embryos were
separated into Con A-bound (adherens junction-associated) and
unbound (nonjunctional) fractions. The expression level and
phosphorylation status of junctional wild-type Arm is not altered in
zw3 mutants, while the soluble, hypophosphorylated isoform of Arm
is stabilized. (B) While the total level of wild-type Arm is increased
in a zw3 mutant, the total level of ArmS10 is reduced. 2-10 hour old
embryos from wild-type, zw3, ArmS10 in wild-type, and ArmS10 in
zw3 mutant backgrounds were analyzed by immunoblotting with
antibodies recognizing wild-type Arm (7A1), ArmS10 (c-myc) and
BicD (as a loading control). (C) The level of nonjunctional ArmS10 is
unaltered in a zw3 mutant, while the level of junctional ArmS10 is
reduced. 2-15 hour old embryos of the genotypes in the previous
panel were fractionated into Con A-bound (B; junctional) and
unbound (U; non-junctional) fractions. Percentages indicate the
percentage of the total sample loaded. Note that substantially more of
the bound fraction was loaded in the sample to analyze ArmS10
accumulation in a zw3 mutant background.1996b). In zw3 mutants (Fig. 6C), however, Arm accumulates
at high levels in the cytoplasm and nucleus of all cells, regard-
less of whether they were exposed to Wg (Peifer et al., 1994a;
Siegfried et al., 1994). 
We first localized ArmS10 (expressed in a wild-type back-
ground under the control of the ubiquitously expressed e22c-
GAL4) using anti-c-myc antibody, which only recognizes
ArmS10 and not wild-type Arm. The distribution of ArmS10 is
strikingly different from that of wild-type Arm; ArmS10 accu-
mulates to high levels in the cytoplasm and nucleus of all cells
(Fig. 6B). This distribution resembles in detail the distribution
of wild-type Arm in a zw3 mutant (Fig. 6C). We observed an
essentially identical localization of ArmS10 using an antibody
directed against the C terminus of Arm, which thus recognizes
both wild-type Arm and ArmS10. In blastoderm and gastrulat-
ing embryos, prior to the onset of GAL4 and thus ArmS10
expression, the antibody showed a distribution of Arm indis-
tinguishable from that observed in wild-type embryos (Fig.
6E, inset; data not shown). In late stage 9, however, after the
onset of ArmS10 expression, Arm accumulates both at cell
junctions and within the nucleus and cytoplasm of all cells
(Fig. 6E), regardless of their position within the segment. In
these two experiments we used two different ubiquitous GAL4
drivers, confirming that the observed pattern of intracellular
accumulation is not specific to a particular GAL4 driver. 
ArmS10 is more stable than wild-type Arm
The level of Arm protein is regulated via effects on its half life
(van Leeuwen et al., 1994). Since ArmS10 accumulates at high
levels in the cytoplasm and nucleus, as wild-type Arm does in
a zw3 mutant, we examined the protein stability of ArmS10.
The large maternal pool prevented us from achieving sufficient
labeling to measure protein stability by pulse-labeling embryos
with [35S]methionine. We thus took an alternative approach,
using Hs-GAL4 to briefly activate transgene expression. To
compare the half-life of ArmS10 to that of wild-type Arm under
exactly the same conditions, we crossed flies heterozygous for
ArmS10/ArmS2 to flies homozygous for Hs-GAL4. Of the
resulting progeny, half express ArmS10 and half ArmS2.
Embryos were briefly heat-shocked to initiate expression of
both transgenes, and at various times embryos were collected,
extracted, and analyzed by immunoblotting. We found that
ArmS10 had a longer half-life than ArmS2 (Fig. 7). In the exper-
iment shown the half-life of wild-type Arm was 12 minutes
while that of ArmS10 was 67 minutes. A low level of both
proteins remained even at the longest timepoint; this pool of
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resulted in less pronounced differences; this may be due to pro-
duction of a large enough pool of GAL4 to produce high levels
of synthesis throughout the experiment. 
The stability of non-junctional ArmS10 is not
regulated by Zw3
We previously suggested that Zw3 kinase is required for Arm
phosphorylation, and that phosphorylation levels affect Arm
protein stability (Peifer et al., 1994b). An alternate hypothesis
is also tenable, however. The kinase that phosphorylates Arm
may reside in adherens junctions. If so, in a wild-type embryo
overall levels of Arm phosphorylation would be high, as most
Arm is assembled in junctions and little is in the cytoplasm or
nucleus. If the primary effect of zw3 mutations is to increase
Arm stability outside junctions, this would result in an apparent
net reduction in Arm phosphorylation, due to an increase in the
abundance of the hypophosphorylated form found outside
junctions. 
To distinguish between these alternatives, we used Con A-
Sepharose to separate wild-type Arm in adherens junctions
from non-junctional Arm in a zw3 mutant background. Even
though overall levels of Arm phosphorylation are low in the
zw3 mutant because the less phosphorylated isoform accu-
mulates highly outside junctions (Fig. 8A), junctional Arm
remains highly phosphorylated. Consistent with this, the most
highly phosphorylated isoforms of ArmS10 also accumulate
preferentially in junctions (Fig. 5). Together, these data
support the hypothesis that the kinase producing the Ser/Thr
phosphorylation isoforms of both wild-type Arm and of
ArmS10 is junctional, and demonstrate that junctional Arm
can be phosphorylated by a kinase other than that encoded by
zw3.
The phenotypic analyses described above are consistent with
the idea that ArmS10 has escaped from normal regulation by
Zw3. We tested this biochemically by expressing ArmS10 in a
zw3 mutant background. Both expression of ArmS10 and
maternal absence of zw3 produce embryos with entirely naked
cuticles; not surprisingly, we could not clearly distinguish two
classes of cuticles representing zw3 mutant embryos that did
or did not express ArmS10 (data not shown). 
We examined the effect of zw3 mutations on levels of
intracellular ArmS10. While loss of zw3 substantially
increases the total level of wild-type Arm (Peifer et al.,
1994a,b; Fig. 8B), the total level of ArmS10 actually
decreases in zw3 mutants (Fig. 8B). The effects of zw3
mutations on levels of wild-type Arm result from the stabi-
lization of less phosphorylated wild-type Arm outside
junctions in zw3 mutants (Peifer et al. 1994a,b; Fig 8A,C).
In contrast, zw3 mutations do not alter the already high levels
of ArmS10 outside junctions (Fig. 8C). Instead, zw3
mutations decrease the amount of junctional ArmS10. This
latter effect may be a secondary consequence of the stabi-
lization of wild-type Arm; the substantially increased pool
of wild-type Arm may effectively compete for binding to
cadherin, displacing some of the junctional ArmS10. Thus
Zw3 kinase does not regulate the stability of ArmS10 outside
junctions; in fact ArmS10 behaves in a wild-type background
in a fashion very similar to wild-type Arm in a zw3 mutant
background, consistent with the idea that ArmS10 has
escaped from regulation by Zw3. DISCUSSION
A region of Armadillo negatively regulates
Armadillo’s activity in Wg signal transduction
Molecular and genetic analyses in Drosophila have suggested
that Zw3 kinase is a ubiquitous negative regulator of Wg signal
transduction; in cells exposed to Wg this negative regulation is
antagonized, allowing Arm to act as an effector. We identified
a region of Arm essential for this negative regulation. Removal
of the entire (Arm∆N) or the central part (ArmS10) of the N
terminus of Arm leads to its constitutive activation in Wg
signal transduction. We confirmed this by showing that the
activity of ArmS10 is independent of Wg signal, as assayed both
by its effects on embryonic pattern and its ability to activate
the downstream genes engrailed and wg. Consistent with this,
mutations in Armadillo’s partner in the signal transduction
pathway, the transcription factor dTCF, block the action of
ArmS10 in double mutants (van de Wetering et al., 1997;
Brunner et al., 1997). As part of their examination of Wg
signaling in imaginal discs, Zecca et al. (1996) recently demon-
strated that a mutant version of Arm similar to our Arm∆N
results in constitutive signaling activity in embryos, as assayed
by cuticle pattern, and in imaginal discs, as assayed by
molecular markers. 
ArmS10 is capable of transducing Wg signal
In Xenopus overexpression of N-terminal β-catenin mutants
activates an apparent Wnt signaling pathway (Yost et al.,
1996). Since Arm/β-catenin degradation is promoted by
Zw3/GSK kinase and the tumor suppressor APC, possibly as
part of a larger complex (Rubinfeld et al., 1996), there are two
mechanisms by which N-terminal mutants of Arm/β-catenin
could affect signaling. First, they could form non-productive
complexes with the degradation machinery, allowing wild-type
Arm/β-catenin to accumulate to high levels and thus mediate
signaling. Alternately, these mutants could both evade degra-
dation and act in signaling themselves. We discriminated
between these two models, using a genetic approach. ArmS10
itself transduces Wg signal, even in the absence of wild-type
Arm. 
This does not, however, rule out the possibility that overex-
pression of mutant Arm/β-catenin might block degradation.
Such dominant inhibition of degradation might explain an
apparent discrepancy in previous work. In flies, the Arm C
terminus is essential for Wg signal transduction (Peifer et al.,
1994a); it acts as a transcriptional activation domain in a
complex with the dTCF DNA-binding protein (van de
Wetering et al., 1997). In contrast, in Xenopus, over-expression
of the β-catenin Arm repeats without the C terminus activates
signaling (Funayama et al., 1995). This mutant β-catenin
should bind APC, and thus might block the Xenopus degrada-
tion machinery, allowing wild-type β-catenin to accumulate for
signaling. This can now be tested by expressing analogous
mutants in flies in the absence of endogenous Arm.
ArmS10 has escaped normal regulation by Zw3
kinase
The constitutive activity of N-terminal arm mutants is not due
to overexpression. Moderate over-expression of wild-type Arm
by gene duplication (Orsulic and Peifer, 1996b) or using GAL4
(see above) has no effect on development; presumably the
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protein. Further, the accumulation level of Arm∆N is almost
identical to that of wild-type Arm (Fig. 1).
Instead, our data strongly suggest that ArmS10 and Arm∆N
are not down-regulated by Zw3. Normally Zw3 destabilizes
soluble Arm, allowing Arm to accumulate only in adherens
junctions (Peifer et al., 1994a). In contrast, ArmS10 accumu-
lates at high levels outside junctions even in the presence of
wild-type Zw3 kinase (Figs 5, 6); this extrajunctional accu-
mulation of ArmS10 is not altered by zw3 mutations (Fig. 8),
and the half-life of ArmS10 is longer than that of wild-type Arm
(Fig. 7). 
Our data are largely consistent with those on β-catenin. N-
terminally mutant β-catenin has a longer half-life in Xenopus
embryos, accumulates outside adherens junctions, and is more
potent in Wnt signaling (Yost et al., 1996). Likewise, N-ter-
minally deleted or point mutated β-catenin is stabilized in the
soluble pool in mammalian epithelial cells (Munemitsu et al.,
1996; Rubinfeld et al., 1997), and activates transcription via
association with Lef-1 or TCF-4 (Rubinfeld et al., 1997; Morin
et al., 1997; Korinek et al., 1997). The increased stability of
ArmS10 in Drosophila embryos was not as dramatic as that
observed in vertebrates. This may result from the fact that we
measured protein stability in intact, late-stage embryos; many
cells are exposed to Wg, stabilizing wild-type Arm and mini-
mizing differences with ArmS10. In addition, our assay
measured protein half-life indirectly, potentially minimizing
stability differences. 
Armadillo and APC; possible targets of Zw3 kinase
Two facts are clear. First, the Ser/Thr kinase Zw3/GSK is an
essential negative regulator of Arm/β-catenin’s role in
signaling (Siegfried et al., 1994; Peifer et al., 1994a,b; Pierce
and Kimelman, 1995; Yost et al., 1996). Second, the Arm/β-
catenin N terminus is essential for this negative regulation (our
data; Yost et al., 1996; Munemitsu et al., 1996); point mutants
in a putative phosphorylation site within this region have
similar effects (Yost et al., 1996; Morin et al, 1997; Rubinfeld
et al., 1997), strongly suggesting that phosphorylation is the
means of regulation. 
These data suggested a simple model, whereby Zw3/GSK
kinase negatively regulates Arm/β-catenin by directly phos-
phorylating it on a site within the N terminus. Consistent with
this, Arm is a phosphoprotein, and its average level of phos-
phorylation is greatly reduced in zw3 mutants (Peifer et al.,
1994b). Zw3/GSK consensus phosphorylation sites are found
in Arm’s N- and C-terminal domains (Peifer et al., 1994b).
While the C-terminal site is not essential for function (Orsulic
and Peifer, 1996b), the N-terminal site is within the ArmS10
deletion. The equivalent N-terminal site within β-catenin is a
target for GSK in vitro; point mutations in this site block in
vitro phosphorylation and also activate the protein in signaling
(Yost et al., 1996). 
In our hands, however, the equivalent site within Arm is not
avidly phosphorylated by GSK, even if the site is pre-phos-
phorylated by casein kinase II (unpublished data); others have
suggested that the site within β-catenin is also not a favored
site for GSK (Stambolic et al., 1996). Thus a second hypoth-
esis must be considered. An alternative direct target of
Zw3/GSK is the tumor suppressor APC, which is readily phos-phorylated by GSK. This phosphorylation regulates APC
binding to β-catenin (Rubinfeld et al., 1996), reducing β-
catenin stability (Munemitsu et al., 1995). In this model a
different kinase might phosphorylate the N-terminal site within
Arm/β-catenin. In support of this alternative model, we found
that our earlier data documenting differences in Arm phos-
phorylation between wild-type and zw3 mutants are at least in
part an indirect result of alterations of the ratio of junctional to
soluble Arm. Further, junctional Arm is equally highly phos-
phorylated in both wild-type and zw3 mutant embryos. Thus
Zw3 kinase is not required for phosphorylation of Arm in
adherens junctions, suggesting that this phosphorylation is
mediated by other kinases. The effect of Zw3 inactivation on
Arm phosphorylation may be solely due to its effects on the
stability of soluble Arm.
Arm phosphorylation is thus more complex than envisioned
in the simplest model. Junctional kinases apparently phospho-
rylate Arm. The visible isoforms of Arm are not solely
produced by Zw3. Further, there are sites for Arm phosphory-
lation outside of the central N terminus, as ArmS10 has nearly
as many phosphorylated isoforms as wild-type Arm. These
data are consistent with a model in which Arm is an indirect
target of Zw3. They also are consistent with the possibility that
Zw3 phosphorylates Arm, if certain other conditions are met.
For example, phosphorylation might occur in an
APC:Arm:Zw3 complex, in which the half-life of phosphory-
lated Arm is extremely short. Alternately, Zw3 may phos-
phorylate Arm at sites which do not alter its mobility. More
complex models exist in which APC and Arm/β-catenin are
sequential targets of Zw3/GSK. 
The mechanism by which Arm/β-catenin is destabilized also
remains a mystery. The ubiquitin/proteasome system regulates
the stability of a wide variety of soluble as well as transmem-
brane proteins. One of the best studied examples is IκB, the
inhibitor of NF-κB nuclear entry. Ubiquitination and destruc-
tion of IκB is somehow associated with its phosphorylation
(reviewed by Hochstrasser, 1996), though which event is
primary remains uncertain. It is interesting to note that there is
a weak match between the region surrounding the known sites
of IκB phosphorylation and the region of Arm deleted in
ArmS10 (Fig. 1A); it is thus possible that Arm degradation is
triggered by phosphorylation by the mysterious high molecular
weight kinase thought to phosphorylate IκB, with Zw3 acting
only on APC. 
The tools to analyse APC’s role of Wg/Wnt signaling in vivo
are now becoming available. Hayashi et al. (1997) recently
cloned a fly relative of APC. Surprisingly, embryos zygotically
null for APC have normal cuticle pattern and normal patterns
of Arm accumulation (Hayashi et al., 1997); it will be very
interesting to learn whether removal of maternal APC has any
phenotypic consequences for embryogenesis. Surprisingly,
injection of mRNA encoding full-length APC into Xenopus
embryos led to activation, rather than negative regulation of β-
catenin’s role in signaling (Vleminckx et al., 1997). These data
suggest that we still have much to learn about APC’s roles in
vivo.
These data, along with those from the vertebrate system, set
the stage for a detailed examination of the mechanism by which
Arm is regulated. This will reveal how reception of Wg/Wnt
signals directs key events of normal development, and will also
help clarify a potential role for Arm activation in tumorigen-
2265Negative regulation of Armadilloesis. Levels of soluble β-catenin are highly elevated in colon
tumors, due to loss of wild-type APC (Munemitsu et al., 1995).
Further, mutations in the N terminus of β-catenin very similar
to those in ArmS10 are oncogenic in culture (Whitehead et al.,
1995) and appear to play a causal role in a variety of different
tumors (Kawanishi et al., 1995; Robbins et al., 1996; Morin et
al, 1997; Rubinfeld et al., 1997). These mutations dramatically
raise the levels of non-junctional β-catenin, driving the
formation of complexes with members of the TCF/LEF family
and re-programming gene expression (Korinek et al, 1997;
Rubinfeld et al., 1997). Together these data suggest that muta-
tional activation of β-catenin may be one way in which cells
escape normal growth controls.
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